Objective To determine the factors that influence B-cell repopulation after B-cell depletion therapy in neurologic patients and derive recommendations for monitoring and dosing of patients.
Studies that use depleting antibodies such as ocrelizumab and rituximab have proven the clinical efficacy of targeting B cells in inflammation such as MS 1, 2 or neuromyelitis optica spectrum disorder (NMOSD). 3 The reappearance of B cells in the peripheral blood correlates with increased disease activity 4 and is monitored by fluorescence-activated cell sorting (FACS) analysis. Although the efficacy of B-cell targeting therapies is closely linked to sufficient depletion, a considerable heterogeneity concerning monitoring and retreatment protocols complicates their use in clinical practice. The reappearance of B cells can be defined when CD19
+ cells reach 1% of lymphocyte counts, 5 which then leads to the next treatment cycle. However, some protocols use fixed time intervals (e.g., every 6 months in clinical trials for ocrelizumab) but also 2% or absolute lymphocyte counts such as 10 per μL for CD19 + cell monitoring. 4, 6 Our clinical experience is that once patients reach 1%, they rapidly surpass 2% within days. As an alternative approach, monitoring of CD27 + memory B cells has been suggested as a sensitive marker after rituximab treatment. 7, 8 Still, there is a high interindividual variance between patients who require personalized monitoring for each patient. Inconsistency exists not only concerning B-cell monitoring parameters but also dose regimens. Whereas some patients receive body surface area (BSA)-adapted doses (usually 375 mg/m 2 ), some receive fixed doses. 9 To identify factors influencing repopulation of B cells, we analyzed CD19 + cell counts of neurologic patients (aged 17-76 years) treated at least once with rituximab or ocrelizumab and examined age, sex, medical pretreatment, oligoclonal bands and cell count in the CSF before the first treatment, as well as concomitant leukocyte and lymphocyte counts and the BSA.
Methods
Standard protocol approvals, registrations, and patient consents We identified patients in the Neurology Department at the University Medical Center Mainz, Germany, from 2007 until March 2017 who had received at least 1 infusion with rituximab or ocrelizumab. Patient data were acquired retrospectively and anonymized according to §36/37 of the Rhineland-Palatinate state hospital law. Patients of the University Medical Center Mainz provided their written consent that data and remaining material can be used for research.
Data acquisition
For those patients, we collected all available CD19 + cell counts obtained by flow cytometric (FACS) analysis during treatment in our clinic. FACS data were usually acquired 3 and 6 months after the last treatment and monthly thereafter. In individual cases, close monitoring was done (e.g., if CD19 + cells were rising already after 3 months). In this analysis, we also collected personal characteristics (e.g., age, sex, and BSA) and received information on medical pretreatments and diagnosis from medical letters and reports. The BSA had been calculated for all patients using the Dubois formula q .
The data included a record of the dates for all measurements and treatments.
Definition of B-cell repopulation B-cell repopulation was defined as the first detection of CD19 + cells above 1% of total CD45 + lymphocytes after CD19 + cell depletion as measured by FACS. The number of days between the last rituximab infusion and the detection of repopulation was calculated. This repopulation of B cells is classified as "event" throughout the article.
Statistical methods
The data were characterized by a panel structure with repeated observations per patient. Specifically, there were 45 patients, resulting in a total of 373 patient observations during the observation period. Within the entire observation period, each patient could experience the critical event of repopulation, i.e., CD19 + cells above 1% with respective treatment, multiple times. Ultimately, there were 37 patients, who together experienced the event 87 times.
The analytical procedure was 2-fold. First, controlling for the number of treatment cycles (1st, 2nd, 3rd, and so forth), we assessed the influence of various risk factors, such as age, sex, and BSA, on the likelihood of the critical event. For this purpose, we performed Cox proportional hazards regression. Hazard ratios (HRs) below 1 indicated decreased risk of the critical event depending on a factor, whereas the HR above 1 indicated increased risk.
Second, we were interested in the time until the (re)occurrence of the event, i.e., when CD19 + cells were measured above 1%. Therefore, the model only included those observations in which the critical event had occurred (n = 87). We regressed the number of days since the previous treatment on age, sex, previous therapy, and BSA in a linear random effects regression model, while controlling for the number of treatment cycles. We assessed the unadjusted and adjusted effects of all risk factors in both procedures Glossary BSA = body surface area; FACS = fluorescence-activated cell sorting; HR = hazard ratio; NMO = neuromyelitis optica; NMOSD = neuromyelitis optica spectrum disorder; SE = standard error. and performed sensitivity analyses on missing values for the BSA.
Results

Cohort characteristics
The cohort consisted of 45 patients (62.2% female) aged between 17 and 76 years at their first treatment cycle (mean ± SD: 44.5 ± 15.0 years) (table 1). The disease spectrum included mainly patients with NMOSDs and MS (figure 1A). Forty-two patients received rituximab; 3 had received ocrelizumab in clinical studies and were monitored thereafter. The majority (71.1%) of patients received the BSA-adapted dosage of 375 mg/m 2 , whereas 28.9% received fixed doses (10 patients: 300 mg and 3 patients: 1,000 mg). Of note, 37.8% of patients were treatment naive without previous immune therapy treatment. Among previous therapies, azathioprine, cyclophosphamide, and interferon-beta were most frequent. The washout period was adapted according to the general guidelines, and lymphocyte counts were normal before starting the new therapy. Only patients with no other concomitant immunosuppressive therapy have been included. For 37 patients, we recorded at least 1 event (when CD19 + cells surpassed 1% of lymphocytes after CD19 + cell depletion); in total, 87 treatment cycles could be used for data analysis in our cohort. Averaged CD19 + cells first reached 1% after 253 days or 8.3 months (mean ± SD: 253.37 ± 81.67) after last treatment. Earliest repopulation occurred after 108 days (3.6 months), and latest repopulation after 554 days (18.2 months).
BSA-dependent B-cell recovery after treatment with 375 mg/m 2 A total of 305 observations had complete information without missing BSA values. This constituted data from 29 patients who had collectively experienced a total of 79 events. The BSA-adapted dosage of 375 mg/m 2 resulted in a greater dose for patients with a larger BSA (patient dosages ranged from 574 to 975 mg). Underlying diagnosis did not predict the time until B-cell recovery. However, patients with a larger BSA were at significantly higher risk of experiencing repopulation than those with a smaller BSA (HR 1.015 per cm 2 , CI 1.003-1.028, p < 0.05, fully adjusted Cox proportional hazards regression model; figure 1B, figure  1C) by showing a faster B-cell repopulation for patients with a larger BSA. This phenomenon was also reflected in longer treatment intervals in patients with a small BSA and shorter treatment intervals in patients with a large BSA (figure 2A).
Several different equations for predicting the BSA from measurements of height and weight have been derived (e.g., Dubois, Haycok, or Mosteller). The correlation between all the formulas is generally high. The Dubois equation is most frequently used, although specific recommendations for calculating the BSA are not included in neurologic medical guidelines. However, it has been previously suggested that Dubois might lead to lower values than Mosteller in patients with large height and weight. 10 To address this issue, we compared resulting BSA-adjusted dosages calculated using the Dubois or Mosteller equation to determine the BSA (figure 2B). The resulting dosage differs for patients with a high BSA (4th quartile) also in our cohort (871.9 ± 10.22 vs 896 ± 11.67 mg, p < 0.001, paired t test). For patients with a low BSA, there was no significant difference.
No influence of age, sex, pretreatment, CSF, or white blood cell counts on B-cell recovery The age of patients did not show a conclusive relationship with repopulation of CD19 + B cells ( figure 3A , tables e-1 and e-2, links.lww.com/NXI/A45). However, although patients who received any immune therapy before B-cell depletion (HR 1.444, CI 0.918-2.272, p > 0.05, Cox proportional hazards regression models; figure 3B , table e-1: model 7, and table e-2: model 6) and male patients (HR 1.453, CI 0.809-2.607, p > 0.05, Cox proportional hazards regression models; figure 3C ) tended to repopulate earlier, a significant effect might not have been achieved because of the limited event numbers in the fully adjusted models (see also random effects model, tables e-3 and e-4). Leukocyte and lymphocyte counts did not show any correlation with B-cell repopulation behavior. We divided patients into 2 groups: (1) patients who experienced on at least 1 occasion leukopenia (leukocytes < 3,500/μL) or lymphopenia (lymphocytes < 1,000/μL) and (2) patients who never had a reduced leukocyte or lymphocyte count throughout the B-cell depletion period. We found no differences between patients who had experienced leukopenia or lymphopenia and the remaining patients regarding days until B-cell repopulation (258.2 ± 13.98 days [1] , 251.3 ± 11.15 days [2] , p = 0.73, unpaired 2-sided students t test; figure 3D ). Neither the presence of oligoclonal bands nor the absolute cell count in the CSF after diagnosis but before the first treatment showed any correlation with B-cell recovery ( figure 3E ). The presence of aquaporin-4 antibodies of patients with NMOSD also did not show any correlation, and B-cell counts before treatment did not correlate with B-cell repletion kinetics (B = −3.688, SE = 2.513, p = 0.142, table e-5). In addition, absolute cell counts for T lymphocytes and natural killer cells did not change over time after CD20 + cell depletion ( figure 3F ). Results were not caused by outliers with a smaller or larger BSA but appeared to be robust against values from extreme ends (i.e., lower and upper 5% quantiles). The unadjusted effects of previous therapy and sex disappeared in the models adjusted for the BSA. This change likely was based on a reduction in the sample size rather than adjustment. Additional tests revealed that patients with missing values on the BSA ran a lower risk of the event than patients with nonmissing values (table e-2, links.lww.com/NXI/A45). The limited statistical power and model fit do not yet permit conclusive statements on the remaining risk factors.
Intraindividual B-cell repopulation after multiple rituximab treatment cycles Several patients received more than 1 rituximab treatment cycle. In total, we could identify 18 patients who had sufficient data to compare B-cell repopulation events over time in the same individual. As depicted in figure 4A , there was no clear pattern observed in the B-cell recovery after the first and last documented rituximab treatment (248.9 ± 13.5 days after the first rituximab treatment, 256.5 ± 15.6 days after the last rituximab treatment, p = 0.71, unpaired 2-sided Student t test). For 2 patients, B-cell recovery (surpassing 1% of CD19 + cells) could be analyzed for up to 8 treatment cycles (see 1 example in figure 4B ).
Discussion
The efficacy of B-cell depletion, especially in progressive MS, has recently drawn interest toward the role of B lymphocytes in pathology and their relevance as therapeutic targets, as well as their response to treatment with disease-modifying drugs such as alemtuzumab and dimethyl fumarate. In our study, factors that influence the repopulation of B cells in neurologic patients after B-cell depletion were analyzed. Whereas obvious parameters such as age, CSF characteristics, and leukocyte counts were not involved in the interindividual variability of B-cell recovery, we identified the risk of a larger BSA for an earlier repopulation of B cells and thus potential disease activity. A systematic underestimation of rituximab dosage calculation based on the widely used Dubois equation in patients with a high BSA was identified as an explanation. Calculating the BSA with the Mosteller equation partially overcomes this effect. However, the use of the arbitrary dose of 375 mg/m 2 is not sufficient but should be increased especially for patients with a high BSA.
It is important to not miss the time point of B-cell repopulation, as this is most likely linked to resurging disease activity, at least in patients with MS and neuromyelitis optica (NMO). 11, 12 Because of the large intraindividual variation of B-cell repopulation, which has also been described for pediatric patients with NMO, 12 close monitoring of B cells is recommended with special attendance to high BSA patients to not miss the early repopulators-the lowest interval was 108 days (3.6 months) in our cohort. We propose to monitor those patients initially after 2 and 4 months and biweekly to every 4 weeks thereafter. Patient-adjusted treatment intervals decrease potential side effects (e.g., infusion reactions), decrease patient efforts, and save costs as B cells on average repopulate after 8.3 months instead of 6 months (according to the treatment regimen with fixed doses).
Other factors such as age, sex, underlying diagnosis, and pretreatment with other immunosuppressive drugs did not show a significant influence on B-cell repopulation. Small effects might have been overlooked because of the limited number of analyzed events. In male patients and patients with pretreatment, B cells tended to reappear sooner. We could not confirm the association between leukopenia and prolonged recovery of B cells as suggested before. 13 The presence or absence of oligoclonal bands in the CSF also did not show any correlation. Concomitant leukopenia and/or lymphopenia were not associated with an impaired B-cell repopulation behavior in our cohort. Also, the repeated application of rituximab in our patients did not lead to a habituation effect of B-cell recovery. Besides, the overall efficacy and safety of the treatment was good with no severe adverse events or clinical relapses in all patients during the study, in line with existing clinical data.
Randomized controlled trials assessing the efficacy and safety of different dosage protocols for neurologic disorders are mostly lacking. In a study with patients with NMO, the duration of depletion was dose dependent as indicated by a repopulation time of 184 days with 1,000 mg vs 99 days with 100 mg. 6 The widely used BSA-adapted dosage of 375 mg/m 2 was first introduced in early phase I lymphoma trials 14, 15 failing to demonstrate a clear relationship between the dose intensity and tumor response. The original regimen of rituximab (375 mg/m 2 per week for 4 weeks) in adult neurology was therefore mainly based on empirical concerns. Data from rheumatoid arthritis studies favor a high-dose rituximab protocol using 2 cycles of 1,000 mg, while optimal treatment paradigms have not yet been defined. 16, 17 It should be kept in mind that necessary dosages of B cell-depleting antibodies will most likely depend on the concentration and effect in the target organ itself to target tissue-resident B cells. Lymph node biopsies performed in lymphoma patients show incomplete depletion 18 ; moreover, the functional properties of the remaining B cells may change. 19 However, in patients with MS, rituximab was shown to deplete B cells from the CSF and supposedly also from brain tissue, 20, 21 while this direct CNS effect is probably limited based on the fact that rituximab concentration in the CSF reaches 2% of serum values. 22 Future investigations using B cell-depleting therapies in neuroimmunologic diseases should not only address the optimal dosing protocol based on the clinical efficacy and safety but also assess the use of novel biomarkers beyond measuring CD19 
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